Abstract Neurological diseases and disorders (NDDs) present a significant societal burden and currently available drugand biological-based therapeutic strategies have proven inadequate to alleviate it. Gene therapy is a suitable alternative to treat NDDs compared to conventional systems since it can be tailored to specifically alter select gene expression, reverse disease phenotype and restore normal function. The scope of gene therapy has broadened over the years with the advent of RNA interference and genome editing technologies. Consequently, encouraging results from central nervous system (CNS)-targeted gene delivery studies have led to their transition from preclinical to clinical trials. As we shift to an exciting gene therapy era, a retrospective of available literature on CNS-associated gene delivery is in order. This review is timely in this regard, since it analyzes key challenges and major findings from the last two decades and evaluates future prospects of brain gene delivery. We emphasize major areas consisting of physiological and pharmacological challenges in gene therapy, function-based selection of a ideal cellular target(s), available therapy modalities, and diversity of viral vectors and nanoparticles as vehicle systems. Further, we present plausible answers to key questions such as strategies to circumvent low blood-brain barrier permeability and most suitable CNS cell types for targeting. We compare and contrast pros and cons of the tested viral vectors in the context of delivery systems used in past and current clinical trials. Gene vector design challenges are also evaluated in the context of cell-specific promoters. Key challenges and findings reported for recent gene therapy clinical trials, assessing viral vectors and nanoparticles are discussed from the perspective of bench to bedside gene therapy translation. We conclude this review by tying together gene delivery challenges, available vehicle systems and comprehensive analyses of neuropathogenesis to outline future prospects of CNS-targeted gene therapies.
Introduction
A comprehensive study about global burden of disease indicated that years lived with disability increased by 59% for neurological disorders and by 83% for cerebrovascular disease from 1990 to 2013 (Vos et al. 2015) . The neurological disorders include Alzheimer's disease (AD) and other dementias, Parkinson's disease (PD), and multiple sclerosis (MS), while ischemic and hemorrhagic stroke constitute cerebrovascular disease. Neurological and cerebrovascular conditions are discussed in this review as neurological diseases and disorders (NDDs) in the context of therapeutic gene delivery. Huntington's disease (HD), amyotrophic lateral sclerosis (ALS) and human immunodeficiency virus (HIV)-associated neurocognitive disorders (HAND) are also included in the NDDs spectrum. Available drug-and biological-based therapeutic strategies are inadequate to treat or cure NDDs. Several studies are testing safe, effective, and non-invasive therapeutic strategies for NDDs by attempting delivery of drugs (Geldenhuys et al. 2011) , proteins (Chaturvedi et al. 2014) , and genes (Su et al. 2009 ) to cure disease or to slow its development. NDD progression could potentially be halted or reversed by targeting a single cell type, for instance neurons or astrocytes. Gene therapy is highly promising in this regard as it could be tailored for transient or long-term gene expression in specific cell types.
Researchers have actively investigated gene-based NDD therapies in the last two decades and genes have been delivered successfully to central nervous system (CNS) cells (Bevan et al. 2011; Morris and Labhasetwar 2015) . Conventionally, challenges towards brain-targeted therapeutic delivery include low blood-brain barrier (BBB) permeability, brain heterogeneity, route of administration and dosing. Though these challenges are common for drugs and genes, unique modifications to gene delivery vehicles could potentially circumvent the challenges (Challenges Towards CNS-Targeted Gene Delivery section). In addition to tackling the physiological and pharmacological problems, the principal questions related to gene delivery have revolved around obtaining an ideal cellular target, suitable therapeutic gene(s), and an efficient gene delivery vehicle. Oligodendrocytes and microglia play key role(s) in the neuropathogenesis of NDDs, yet treatments have centered on neurons and astrocytes. We have analyzed the functional features and disease roles of these cell types to ascertain their suitability as cellular target(s) (Selecting an Ideal CNS Cellular Target for NDD Therapy section). Gene therapy modalities increased after the advent of silencing by RNA interference (RNAi) technology and genome editing endonuclease systems in addition to augmentation. The pros and cons of each approach are discussed here from the perspective of NDDs (Gene Delivery Modalities section). Vectors derived from adenoviruses, adeno-associated viruses (AAV), and lentiviruses as well as non-viral transport systems, such as polymeric nanoparticles (NPs) and lipid complexes, are under investigation as vehicles for CNS gene delivery. Evaluating expression efficiency, duration, and targeting specificity is critical to validate a suitable delivery system (Delivery Systems section). Therapeutic genes driven by cell-specific promoters have been utilized to restrict expression. The selection of promoter during vector design process has evolved over time and unique trends for neural cell types have been examined (CNS-Targeted Gene Delivery Using Cell-Specific Promoters section). Recent gene therapy clinical trials are evaluating safety and efficacy of novel viral vectors and nanoparticles. The findings reported thus far for these trials must be analyzed in the context of 'bench to bedside' translational challenges to postulate directions for future gene therapy research (Bench to Bedside Translation section). To conclude, we present a synopsis of the overall trends observed for each aspect of CNS-targeted gene delivery systems and propose future directions (Conclusions and Future Prospects section).
Challenges towards CNS-Targeted Gene Delivery
Effective gene delivery could restore normal cell function during NDDs by providing transient or long-term expression of the gene of interest, eliminating the need for frequent drug administration and continual penetration of the BBB. An ideal gene delivery system development would involve in vitro testing of delivery vehicle under consideration of biocompatibility, efficacy, dose-time kinetics, and sustained expression. Subsequently, in vivo studies would evaluate dosing, route of administration, and immune responses in addition to the same in vitro assessments followed by transition into clinical trials. However, each step of this process contains its own challenges. For example, our ongoing studies have revealed surprising difficulty in polymeric NP-mediated gene delivery to primary human neurons and astrocytes, let alone targeting them in vivo. Currently, we are looking into the NP-uptake mechanisms in these cells to determine feasible alternatives and to overcome gene expression challenges (unpublished data). Further, transgenic animal models [Reviewed by (Jucker 2010; Gorantla et al. 2012) ] fail to mimic the complexities of the NDD-associated mechanisms making therapeutic assessments difficult. Diverse hosts (mouse, rat, rabbit, human), coupled with age differences have resulted in varying gene expression levels in preclinical studies (Gray et al. 2011; Gholizadeh et al. 2013) . Finally, the immunologically privileged status of the brain makes reaching brain cells difficult, given the low permeability of the intact BBB and complexity of brain structure. These barriers along with obstacles to routes of administration for gene therapies will be discussed in this section.
Low Blood-Brain Barrier Permeability
In the absence of trauma or disease, tight junctions between brain microvascular endothelial cells (BMVECs) covered by astrocyte foot processes seal the majority of the brain to peripheral immune surveillance and passive diffusion of watersoluble drugs (Abbott et al. 2006) . The intricate vasculature of the brain promotes global perfusion since all brain cells are within 20 μm of a blood capillary (Pardridge 2002) . Therefore, intravascular gene delivery systems could permeate the entire brain if the BBB can be traversed. Low permeability of the BBB remains the primary physical challenge and rate-limiting step for targeting brain cells. An ideal vascular gene delivery system would have very small size, high lipophilicity, and low plasma protein binding (Pardridge 2002) .
Severe neuroinflammation compromises the BBB by activating BMVECs and astrocytes, increasing cellular adhesion molecule expression and decreasing tight junction and extracellular matrix protein levels. Thus, BBB permeability varies in health and disease (Xia et al. 2004 ). Based on this, delivering gene(s) during NDDs, such as AD and PD, may be easier since chronic neuroinflammation enhances BBB permeability. However, compromised BBB during ischemia may not be helpful for gene therapies since the therapeutic window is small and a rapidly acting therapy is required (Jaffer et al. 2011 ). According to a report, gene delivery was efficient in fetal mice compared to older mice, attributed underdeveloped BBB (Gholizadeh et al. 2013) . As classic NDDs (e.g. AD) are diagnosed and treated in older patients, improved gene delivery older mice will be more relevant. Disruption of BBB to enhance delivery has been explored via microbubbles, ultrasound (Tan et al. 2016 ) and chemicals (e.g. mannitol) (Kwon et al. 2010; Gray et al. 2011) ; but the clinical implications of such approaches are not known. Arginine-modified polyplexes , transactivator of transcription-conjugated NPs (Rao et al. 2008 ) and AAV vector serotype 9 (Foust et al. 2009 ) crossed the BBB when injected intravenously in rodent models, indicating that tailor-made NPs with surface modifications and genetically modified viral vectors with particular capsid sequences can overcome the BBB. Further, off-target gene expression in peripheral organs could be prevented by inclusion of cellspecific promoters (discussed in CNS-Targeted Gene Delivery Using Cell-Specific Promoters section).
Gene vectors have been injected directly into the brain to circumvent the BBB (Do Thi et al. 2004; Yang et al. 2013) . The innate difficulty and risk during brain administration makes this method less applicable over long-term clinical trials. Convection-enhanced delivery, in which one or more catheters are carefully placed in the brain parenchyma for therapeutic delivery, could be a potential solution. While elaborate, this technology is currently in Phase III clinical trials for glioblastoma treatments (Debinski and Tatter 2009 ) and could be a feasible delivery mechanism for future gene-based NDD therapies.
Brain Structure Complexity
The heterogeneity of the brain rules out a 'universal' delivery system for genes. In addition, unique pathogenesis of each NDD requires a tailored vehicle system designed to deliver a gene of interest to a certain cell type for a given disease. Though genes have been injected or infused directly in the brain (Do Thi et al. 2004; Yang et al. 2013; Mastorakos et al. 2015) , gene expression was obtained only at sites proximal to injection sites. (Lisovoski et al. 1997; Arregui et al. 2011) . This is attributed to low gene or vehicle diffusion within brain parenchyma (Mastorakos et al. 2015) , inefficient viral vector transduction (Lisovoski et al. 1997) , and gene expression driven by weak promoters (Sandhu et al. 2009 ). Additional difficulties ensue in diseases where a precise region is to be targeted within the heterogeneous brain structure, e.g. the substantia nigra (SN) in PD. Age contributes to brain complexity in the context of the extent of BBB development (Gholizadeh et al. 2013 ) and the ratios of glia to neurons throughout the brain parenchyma.
Some viral vectors demonstrate select cell type and brain region tropism (Nomoto et al. 2003; Aschauer et al. 2013 ). For instance, AAV2 preferentially transduced neurons while AAV5 transduced astrocytes in vitro. In vivo, AAV2-mediated expression was restricted to pyramidal and granular cells and AAV5 transduced only granular cells (Nomoto et al. 2003; Aschauer et al. 2013) . Further, same biomolecules can lead to different effects in neurons and astrocytes. For example, heme oxygenase protects astrocytes but not neurons from heme-induced injury (Benvenisti-Zarom and Regan 2007) , requiring evaluation of off-target effects. Tagging specific cell surface receptor ligands on DNA-vehicle complex can target neurons or astrocytes (Discussed further in CNS-Targeted Gene Delivery Using CellSpecific Promoters section). Thus, thorough knowledge of neuropathology, cellular responses to particular stimuli, intrinsic cell tropisms of delivery systems, and gene vector or vehicle system modifications are critical to tackle the brain heterogeneity challenge in the treatment of each NDD.
Route of Administration
Pharmacokinetic and pharmacodynamic profiles of drugs are studied to obtain optimal dose(s) and route of administration.
Gene delivery is complicated because dose and frequency of administration depends on both the gene and the delivery system. Intranasal (Kim et al. 2012) , intracarotid (Gray et al. 2011) , intravitreal (Aartsen et al. 2010) , intrathecal (Milligan et al. 2006) and intramuscular (Towne et al. 2010 ) routes of administration have been explored for brain delivery. Currently, intravenous (Yurek et al. 2009 ) and intracerebral (Drinkut et al. 2012 ) administrations are frequently used; yet, neither is an effective 'gold standard' for CNS gene delivery. Intracerebral delivery was shown to be efficient (Yurek et al. 2009 ), but had brain diffusion issues (Drinkut et al. 2012) . Low diffusion is a noted disadvantage of intracerebroventricular (ICV) delivery as well (Pardridge 2002) . Depending on the therapeutic strategy though, limited diffusion could be beneficial when a local effect is desired (Drinkut et al. 2012) . Intrathecal delivery revealed promising results in rodents with spinal cord injury (SCI) (Milligan et al. 2006) ; however, it led to severe neurotoxic effects in monkeys (Samaranch et al. 2014) . Overall, the route of administration must be tailored to the therapeutic usage, while reducing associated risks and optimizing ease of use and efficacy. Intravenous and intranasal routes offer ease of administration compared to intracerebral or intrathecal routes. Therefore, research should be directed towards developing systems that could be delivered via intravenous or intranasal routes.
Age, weight, gender, and genetics of the examined species and the route of administration affect the NPs or viral vector dosing strategy. The transition from in vitro to in vivo studies and from mice to non-human primates (NHPs) is difficult as the delivery system design and dosing paradigms vary significantly between models (Gray et al. 2011) . Additionally, there are logistical concerns over bulk production and handling. Thorough dose-time kinetics experiments will be required to establish the therapeutic window of gene delivery for individual NDDs. For instance, gene therapies for stroke would need a rapid onset of expression, or be prophylactically administered to those with a significant risk. Potential palliative measures for each NDD would require dose concentrations and frequencies tailored to particular patients based on relative risk and symptoms. Taken together, it can be discerned that the route of administration issue can be partly attributed to low BBB permeability and complex brain structure; while, an optimal administration method may overcome the BBB and the brain heterogeneity challenges.
Selecting an Ideal CNS Cellular Target for NDD Therapy
Neuroinflammation and neurodegeneration are hallmarks of NDDs (Dhar et al. 2006; Begum et al. 2008; Hirsch and Hunot 2009; Silvestroni et al. 2009; Beers et al. 2011) . These hallmarks and the intracellular processes that precede or succeed them involve a crosstalk between neurons, astrocytes, microglia and peripheral blood monocytes (Carson et al. 2006) . Thus, all of these cell types could potentially serve as cellular targets for NDDs treatment.
Gene delivery challenges discussed above could be attributed to physical properties of the vehicle, i.e. viral vectors or NPs. Structural or physical modifications of vehicles could overcome the challenges to offer a feasible and efficient gene delivery. On the other hand, an equally important question would be which cell type would make an ideal target? In this section, we discuss some principal types of CNS cells in the context of their functions and their role in NDD pathogenesis to ascertain suitable cellular targets. A schematic of key underlying processes during NDDs and all discussed cell types along with their functional relevance is depicted in Fig. 1 .
Neurons
Structurally and functionally neurons remain the most investigated CNS cell type and therefore neuronal changes and biomarkers associated with NDDs have been well characterized. Neuronal numbers reduce in healthy aging and there is a rapid loss of certain brain region neurons during NDDs. For instance, loss of neurons in the frontal cortex, SN, and striatum occurs during AD (Uylings and De Brabander 2002) , PD (Anglade et al. 1997), and HD (DiFiglia et al. 1997) , respectively.
Clinically, neuronal death is associated with dendritic loss, synaptic reduction and cognitive and/or motor impairment (Uylings and De Brabander 2002) . Synaptic transmission, the principal function of neurons, is altered during AD and PD (Van Spronsen and Hoogenraad 2010) . Neuritic plaques, containing the 43-amino acid peptide amyloid-β (Aβ), and neurofibrillary tangles, containing tau protein, are pathological hallmarks of AD (Andrade-Moraes et al. 2013 ). Accumulation of interneuronal cytoplasmic 'Lewy' bodies, composed of α-synuclein, parkin, ubiquitin, and neurofilaments, remain a diagnostic criterion for PD, in addition to dopaminergic neuron loss (Emerit et al. 2004) . In HD, huntingtin (htt) protein aggregates build up inside neurons (DiFiglia et al. 1997 ). Despite precise neuropathogenesis of NDDs, intracellular processes preceding or succeeding neuronal loss may overlap including mitochondrial and oxidative stress (Emerit et al. 2004) , synaptic transmission dysfunction (Van Spronsen and Hoogenraad 2010), altered neurotransmitter levels (Tekin and Cummings 2002) and changes in stimuli preventing or promoting neuronal cell death (Emerit et al. 2004) . Disrupted synaptic transmission of the excitatory neurotransmitter glutamate leading to excitotoxicity has been implicated in ischemic stroke, epilepsy, MS, and HAND (Arundine and Tymianski 2003; Cisneros and Ghorpade 2014) . Axonal damage and subsequent impairment of axonal transport is linked to ALS (Boillée et al. 2006 ) and MS (De Stefano et al. 2003) pathologies. Importantly, astrocyte or microglia or oligodendrocyte dysfunctions can cause neuronal damage by inducing the same processes listed above. Additionally, reduced expression of neurotrophic factors, such as brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF) and glial cell-derived neurotrophic factor (GDNF), is also implicated in NDDs and replenishing their levels is considered a potential therapeutic strategy, discussed in detail in Gene augmentation section.
Neuroprotection remains the ultimate aim of all therapeutic strategies by either preventing or reversing damage. Currently available palliative NDD treatments involve drugs for AD [e.g. acetylcholinesterase inhibitors (von Bernhardi et al. 2003) ] and PD [e.g. dopamine agonists (Schapira 1999) ], immunosuppressive therapy for MS (Stangel et al. 2006) , blood thinners for stroke [e.g. tissue plasminogen activator (Jaffer et al. 2011)] , rehabilitative care and physical therapy. Additionally, neural stem cell-based transplantations and other surgical procedures are also included in the NDD treatment repertoire. Unfortunately, these treatments are inadequate, making gene therapy a promising alternative.
Neuronal gene delivery investigations have shown varying degrees of success to reverse pathogenesis (Nakajima et al. 2007; Chen et al. 2012) . However, targeting neurons still presents certain limitations. The neuronal population is always reducing since they die during healthy aging, in addition to rapid loss during disease. Synaptic transmission is fastidious and must be tightly regulated. As pointed out by Drinkut and colleagues, if neurons secrete exogenous biomolecules from various cell parts, including the soma and synaptic sites, it could produce off-target, undesirable effects since axonal endings terminate on other neurons or peripheral organs (Drinkut et al. 2012) . Since NDDs are not diffuse or random but involve damage to a precise subset of neurons, neuronal gene delivery has always been challenging (Callaway 2005) . However, if gene expression could be restricted to a brain region and a strong, neuron-specific promoter is used, a low dose of exogenous DNA for neuronal expression may prove beneficial.
Microglia
Comprising~10 to 15% of the total brain cells, microglia are the resident immune cells of CNS (Carson et al. 2006) . Resting microglia perform normal brain surveillance (Polazzi and Monti 2010; Aguzzi et al. 2013) . In acute conditions, activated microglia protect neurons by releasing neurotrophic and anti-inflammatory factors including NGF, BDNF, neurotrophin-3 and GDNF. They provide innate immunity, facilitating repair through guided migration of stem cells (Garden and Möller 2006; Block et al. 2007 ) and phagocytizing dead neurons and debris (Polazzi and Monti 2010) .
During normal aging, microglia produce a chronic, mild inflammatory environment by secreting inflammatory cytokines interleukin (IL)-1β, tumor necrosis factor (TNF)-α, CCL2, CXCL8 and reactive nitrogen species such as nitric oxide, which are potential risk factors for NDDs (Von Bernhardi et al. 2015) . Triggers include extracellular adenosine triphosphate, serum factors (e.g. plasma thrombins), microbial agents (e.g. lipopolysaccharides) and pathological proteins (e.g. Aβ) induce microglial activation (Garden and Möller 2006) . Microgliosis is another key process in chronic inflammation, which is attributed to extravasation of circulating monocytes post-BBB disruption (Wake et al. 2013) . Neurons could inhibit the microglial activation via receptorligand interaction. An example is neuronal CD200 and its receptor on microglia (Aguzzi et al. 2013) ; however, disrupting such interactions could lead to chronic neuroinflammation.
Microglia cause neurotoxicity either as a response to external pro-inflammatory stimuli or through activation postneuronal injury, which eventually elicit neurodegeneration by secretion of neurotoxic substances (Block et al. 2007 ). Since their responses differ drastically during mild, acute injury versus chronic inflammation, microglia can act as friend or foe depending on the stage and extent of injury (Aguzzi et al. 2013) . Therefore, an ideal therapeutic approach would consist of weakening microglial responses instead of silencing them entirely.
Microglia clear Aβ plaques in AD immunotherapy preclinical trials (Lobello et al. 2012) . Non-steroidal anti-inflammatory drugs such as cyclooxygenase-2 inhibitors are being investigated to alleviate microglial activation (Rock and Fig. 1 Common cellular mechanisms implicated in neurological diseases and disorders (NDDs) NDDs are associated with cellular dysfunctions of principal CNS cells including neurons, microglia, oligodendrocytes, and astrocytes. Neuronal damage includes dendritic and axonal loss, and reduced neurotrophin secretion. Microglial activation occurs during brain injury and resultant proinflammatory cytokines induce neuroinflammation along with microgliosis due to extravasation of peripheral monocytes. Oligodendrocyte dysfunctions include demyelination and oligodendropathy, i.e. death of oligodendrocytes. During injury, astrocytes contribute to excitotoxicity, and neuroinflammation by reduced glutamate uptake and increased release of proinflammatory cytokines, respectively. They likely undergo oxidative stress, mitochondrial dysfunction, calcium dysregulation, attenuated neurotrophin production and astrogliosis. Additionally, altered BBB permeability can increase neuroinflammation and contribute to disease. These mechanisms precede or succeed neurodegeneration and overlap in diseases such as Alzheimer's disease (AD) [A1 (Uylings and De Brabander 2002) , A2 (Wake et al. 2013 (Hu et al. 2008) , F3 (Zinger et al. 2011) , F4 (Niranjan 2014) , F5 (Drinkut et al. 2012) , F6 (Ambrosi et al. 2014) ], and stroke [G1 (Ceulemans et al. 2010) , G2 (Xia et al. 2004 ), G3 (Lai et al. 2014)] Peterson 2006). A few studies have reported successful gene delivery to neurons, astrocytes, and oligodendrocytes as well as microglia (Zhao et al. 2003; Hendriks et al. 2007) .
The window of opportunity to target microglia is unpredictable, especially in chronic NDDs (Polazzi and Monti 2010) , and would require timely diagnosis of a particular disease and degree of the microglial involvement. The extent of peripheral extravasation of monocytes during injury would also be necessary to examine before targeting microglia (Wake et al. 2013) . Early detection of microglial activation will be essential to inhibit their neurotoxic effects and subsequent neuronal loss. To achieve this, sophisticated techniques such as positron emission tomography will be essential (Block et al. 2007 ).
Oligodendrocytes
Oligodendrocytes, a type of glial cell, are responsible for myelination of axons in the brain and spinal cord (McTigue and Tripathi 2008) . They originate as pre-progenitors in the subventricular zone (SVZ) and then migrate, proliferate, mature and start producing myelin sheaths. These processes are regulated by platelet-derived growth factors (PDGF), fibroblast growth factor 1 and 2, insulin-like growth factor-1 (IGF-1), transforming growth factor-β, neurotrophin-3, and ciliary neurotrophic factor (CNTF) (McMorris and McKinnon 1996) . Oligodendrocytes electrically insulate sodium channel-clustering axons, which ensures saltatory nerve conduction (Bradl and Lassmann 2010) .
Metabolic changes in oligodendrocytes, attributed to genetic defects, infections, or toxins, lead to flawed myelination or demyelination (Chen et al. 1998) . Remyelination, i.e. formation of new myelin sheaths by oligodendrocytes, remains the intrinsic response. Remyelination does not occur in MS due to unknown causes (Franklin and Kotter 2008) . Further, a variable loss of oligodendrocytes occurs in all MS subtypes, including apoptotic death in type III and non-apoptotic death in type IV. The underlying pathways linked to oligodendrocyte loss consist of oxidative and mitochondrial stress (Bradl and Lassmann 2010) , proinflammatory cytokine signaling, free radicals, and complement-facilitated injury (Merrill and Scolding 1999) . Clinically, lack of myelin associated protein and 2,3-cyclic nucleotide 3-phosphodiesterase indicate oligodendropathy (Popescu and Lucchinetti 2012) . Oligodendrocytes are implicated in other demyelinating diseases including Marburg disease and Devic's disease (Popescu and Lucchinetti 2012) .
Preventing oligodendrocyte loss and increasing myelination are the two possible approaches to treat dysfunctional oligodendrocytes. Currently investigated MS treatments including immune-, cell-based-, and gene-therapies have direct implications/effects in oligodendrocytes (Rodgers et al. 2013) . Proposed strategies to prevent oligodendropathy comprise increasing growth factor gene expression, which regulate their maturation. However, this process is not controlled by a single growth factor and multiple genes would potentially need to be delivered , posing a potential multiple gene delivery challenge. Oligodendrocyte-targeted gene delivery has been tested in studies investigating SCIs (Zhao et al. 2003; Tuinstra et al. 2012) . Overall, demyelination diseases constitute a small fraction of the NDD spectrum and oligodendrocytes are one of the least abundant cell types in the brain. Hence, they may not be the best choice for many NDDs.
Astrocytes
Astrocytes, principal glial cells of the CNS (Wang and Bordey 2008) , are structural components of tight junctions of the BBB and form 'tripartite' synapses with pre-and post-synaptic neurons (Halassa et al. 2007 ). Astrocytes produce neurotrophic factors, including BDNF, NGF, GDNF (Cabezas et al. 2016) and tissue inhibitor of metalloproteinases-1 (Gardner and Ghorpade 2003; Ashutosh et al. 2012) . They regulate neurotransmission and synaptic activity by sequestering synaptic potassium and neurotransmitters, including glutamate. Astrocytes communicate with neighboring astrocytes via calcium waves and gap junctions (Barres 2008) , and also by secreting a number of cytokines and chemokines including CCL2 (Kiyota et al. 2009 ), CXCL8 (Zheng et al. 2008) , IL-1β and TNF-α (Niranjan 2014 ) that can play critical roles in NDD pathogenesis. The astrocyte neurotrophic repertoire also includes antioxidant defense and metabolic support.
Neuroinflammation induces reactive gliosis whereby reactive astrocytes proliferate and migrate towards injury, leading to glial scar formation (Carson et al. 2006; Buffo et al. 2010; Colangelo et al. 2014; Anderson et al. 2016) . While this response is an attempt to repair the initial damage, both astrocyte and neuronal functions are compromised by chronic inflammation. Similar to microglia, astrocytes secrete neuromodulatory molecules, which can be either protective or damaging depending on the stage of injury, making astrogliosis a 'double-edged' sword (Buffo et al. 2010) . Other astrocyte intracellular processes that contribute to NDD pathologies include oxidative and mitochondrial stress (Manfredi and Xu 2005) , reduced excitatory amino acid transporter (EAAT)2 levels that lead to excitotoxicity (Ambrosi et al. 2014) , calcium dysregulation (Alberdi et al. 2013 ) and attenuated neurotrophin secretion (Giralt et al. 2010) .
Astrocytes could be central targets for NDD gene therapies as they interact with other cell types including neurons, microglia, BMVECs, and ependymal cells throughout the brain contributing to the disease and recovery processes (Wang and Bordey 2008) . Their foot processes are present at the interface between the periphery and the brain, giving them preferential access to therapeutics delivered via vascular route. The phosphodiesterase inhibitor Ibudilast prevents glial activation; and clinical trials testing its potential for chronic migraine and substance abuse disorders are underway (Institut and Health 2016) . Simultaneously, preclinical studies have been performed to develop astrocyte-directed gene delivery systems (Gray et al. 2011; Gholizadeh et al. 2013) . Clinical trials have been conducted in which astrocytes are cellular targets (Bench to Bedside Translation section). The majority of these preclinical and clinical trials intended to overexpress neurotrophin genes with or without astrocyte-specific promoters thereby mimicking inherent astrocyte neuroprotective function.
Some potential issues must be discussed before considering astrocytes as suitable cellular target for multiple NDDs. Genes delivered via viral vectors, for example AAV, and NPs remain episomal. During chronic inflammation, these delivered genes could get diluted or lost due to astrocyte proliferation presenting astrogliosis as a Bself-limiting^factor (Drinkut et al. 2012) . Additionally, abundant interconnected astrocytes may not be ideal for PD and stroke therapy where site-restricted gene expression is required. Nevertheless, the fundamentally neuroprotective functions of astrocytes make them relevant and considering the limitations stated in for other neural cells, selecting astrocytes for gene delivery might prove a beneficial strategy.
Gene Delivery Modalities
Gene delivery strategies for NDD therapies are categorized into three approaches: 1. Augmentation 2. Silencing and 3. Editing. The goal of such therapies would be to alter specific gene expression and restore disrupted CNS homeostasis. An ideal CNStargeted gene delivery method would increase neuroprotective measures, for instance, delivering neurotrophin genes, or reverse neurotoxic mechanisms, for instance, knocking down neuroinflammatory biomarker gene expression, restoring CNS homeostasis. Hereditary NDDs, such as HD, depict distinct gene mutations and require therapies to permanently correct the mutated gene, which can be achieved by gene editing. Though the names of gene therapy modalities are self-explanatory, it is essential to compare and contrast between these methods to determine their applicability in the context of NDDs.
Gene Augmentation
Gene augmentation would be applicable when an insertion or missense mutation produces non-functional protein or when certain genes are downregulated owing to disease pathology. For CNS diseases, it has been employed for replenishing neurotrophin levels, such as BDNF, GDNF, and NGF. All neurotrophins, except BDNF, are constitutively expressed in the brain. Neurotrophin levels are reduced in NDDs and exogenous administration is not possible since they cannot cross the BBB (Allen et al. 2013 ). Therefore, a gene augmentation modality could be used to increase or maintain neurotrophin levels. Neuroprotective and neurorestorative effects of this approach have been reported in AD (Furman et al. 2012) , PD (Choi-Lundberg et al. 1997) , and HD (Giralt et al. 2010 ). Many gene therapy trials for neurodegeneration are testing neurotrophin augmentation (Bench to Bedside Translation section).
A notable exception to the above theme includes the delivery of 7ND, a dominant negative analogue of CCL2. Overexpression of 7ND competitively inhibited CCL2-facilitated proinflammatory effects in an amyloid precursor protein/presenilin-1 rodent model of AD (Kiyota et al. 2009 ). Additionally, genes of neurotoxic or neuroinflammatory proteins have been augmented to mimic disease pathology in preclinical studies. Examples of such studies include mutated htt gene delivery to study downstream effects on astrocyte function in HD. Mutated htt overexpression led to downregulation of astrocyte-BDNF indicating neurotrophin levels are critical to HD pathogenesis (Wang et al. 2012) . Similarly, inflammatory cytokines IL-1β (Ferrari et al. 2004 ) and TNF-α (Ezcurra et al. 2010) were overexpressed in rat brains to determine subsequent effects in demyelination and PD, respectively. Gene augmentation is the oldest and principally tested gene delivery modality.
Gene Silencing
Gene silencing can be useful for nonsense or repeat mutations that produce abnormally functioning proteins or to reduce levels of neuro inflammatory proteins. Gene silencing alters gene expression by post-transcriptional regulation of a gene by the RNAi technique. It has been employed for NDDassociated studies where small interfering RNA (siRNA) (Kim et al. 2010) , microRNA (miRNA) (Tuinstra et al. 2012) , and short hairpin RNA (shRNA) (Desclaux et al. 2009 ) specific to the gene of interest were delivered successfully to CNS cells.
Gene silencing inquiries involve studying disease mechanisms, evaluating cellular or protein function, and testing therapeutic potential. An early work testing RNAi in brain cells investigated the function of astrocyte-aquaporin (AQP) 4 water channels using siRNA. Reduced AQP4 resulted in lowered membrane water permeability, subsequently altering astrocyte morphology to maintain surface-volume ratio and water influx. Knocking down AQP4 also reduced ischemia-related protein expression indicating a possible therapeutic option (Nicchia et al. 2003) . Therapeutic potential of shRNA for glial fibrillary acidic protein (GFAP) and vimentin was determined in primary astrocyte cultures. Both GFAP and vimentin are astrocyte markers activated during glial inflammation and their expression knockdown resulted in reduced glial activation and migration (Desclaux et al. 2009 ).
Lack of cell-specific restriction is a potential pitfall of using RNAi for therapy. Detrimental off-target effects could result from miRNA binding to multiple messenger RNAs. Exogenously produced siRNA and shRNA bind with single mRNAs; however, careful assessments must be performed during preclinical studies to avoid any off-target effects.
Gene Editing
Gene editing is the least explored delivery modality due to its relatively novel nature compared to previously discussed modalities. Gene or genome editing is done with engineered nucleases composed of sequence-specific DNA-binding domains fused to a non-specific DNA cleavage module. These nucleases are capable of modifying DNA efficiently by inducing precise DNA double-strand breaks, which stimulates cellular DNA repair mechanisms. Such endonucleases include zinc-finger nucleases, transcription activator-like effector nucleases, and clustered regulatory interspaced short palindromic repeats (CRISPR)/ CRISPR-associated system 9 (Cas9) (CRISPR/Cas9) RNA guided system (Gaj et al. 2013) . Genome editing components are delivered to the target cell with overexpression vectors and have the same delivery and specificity limitations. In HD, a mutated htt gene contains increased CAG repeats at the 5′ end of the gene, making it an ideal NDD for gene editing. Since normal htt functions are not well established, knocking it down may not be a suitable approach. The number of CAG repeats is linked to disease severity, thus, gene editing methods that precisely remove excessive CAG repeats may attenuate disease pathology (Aronin and DiFiglia 2014) . Recently, CRISPR/Cas9 successfully eradicated HIV-1 proviral DNA from latently infected human CD4+ T cells and microglia-, monocytes-, and T cells-derived cell lines (Hu et al. 2014; Kaminski et al. 2016) . During HAND, neurons and oligodendrocytes are not infected, 2 to 20% of astrocytes are nonproductively infected, and microglia are productively infected with HIV-1 (Ghafouri et al. 2006) . Though anti-retroviral therapy reduces productive infection, HIV-1 proviral DNA is incorporated into microglia and astrocyte genomes. These latently infected cells, astrocytes and microglia, become viral reservoirs in the brain, continually releasing viral proteins that cause neurotoxicity and neurocognitive decline. CRISPR/Cas9 technology could prove useful in eliminating latent infection in brain cells (Hu et al. 2014) . Since the complete inactivation or removal of proviral DNA from infected cells has been a critical hurdle for HIV therapies, this approach is a giant leap toward a cure and for therapeutic gene editing in general.
Delivery Systems
Development of sophisticated systems has enabled successful gene delivery to CNS cells. Widely used gene delivery systems include, but are not limited to, viral vectors (Tables 1, 2 , and 3), and NPs (Table 4) . Based on the nature of the gene, delivery system investigations can be categorized into 'proof of concept' and 'therapy-based' inquiries. Reporter genes are used for 'proof-of concept' experiments that establish and validate delivery system's efficiency, for example, evaluating AAV9 vector's brain gene delivery potential using green fluorescent protein (GFP) reporter (Foust et al. 2009 ). Therapybased studies deliver genes to alleviate disease progression based on NDD pathogenesis. For example, low BDNF levels during disease led to testing BDNF gene therapy for HD (Arregui et al. 2011) . The same gene and/or delivery system could result in varied outcomes in two studies based on differences in gene delivery route, targeted cell type, and in vitro or in vivo models.
Viral Vectors
Viral vectors are preferred for gene delivery to brain cells as well as other cell types including muscles ), cardiac cells (Katz et al. 2013) , and cancer cells (Cerullo et al. 2010) . Viral vectors exploit the ability of a virus to infect mammalian cells and use of host machinery to produce viral proteins. Viral vector construction involves replacing immunogenic viral genome segments with the gene of interest. Structural viral proteins required for viral capsid and host genome integration are included as trans-acting factors. Literature on viral vectors derived from adenoviruses (AVs) ( Table 1) , AAVs (Table 2) , and lentiviruses (LVs) ( Table 3) , major research breakthroughs and failures for each vector type are discussed here.
Adenovirus
In 2012, about 23% of gene clinical trials utilized AVs (Ginn et al. 2013) ; despite a setback in 1999 due to the death of a patient in an AV clinical trial (Andrews et al. 2001) . Since then, replication-restricted or deficient AVs have been developed by deleting non-essential viral DNA (Andrews et al. 2001; Do Thi et al. 2004; Dormond et al. 2009 ). Consistent AV-mediated brain gene expression has been found at three through thirty days, and was detectable at six months in Sprague-Dawley (SD) rats (Thomas et al. 2000) . Adenoviruses do not integrate in the host genome and have been shown to preferentially transduce neurons in vivo (Lisovoski et al. 1997 ) and astrocytes in vitro (Kuhn et al. 2011) . When AV-LacZ was injected into the dorsal side spinal cord of SD rats, predominantly astrocytes were transduced on the dorsal side while neurons were transduced on ventral side (Romero and Smith 1998) .
In ischemia therapy, AV-GDNF and AV-CNTF were delivered via intrastriatal injections a week prior to middle cerebral artery occlusion (MCAO)-induced ischemia in rats. These neurotrophins were primarily expressed in astrocytes and prevented neuronal damage compared to controls. At sites distant to the injection site, GDNF effects were stronger than (Wang et al. 2003b) CNTF (Hermann et al. 2001b) . Apart from neurotrophins, expression of an astrocyte-specific molecule, secretory leukocyte protease inhibitor, led to neuroprotection indicated by reduced ischemic lesion size and lowered neurological deficits (Wang et al. 2003b) . Similarly, adrenomedullin expression reduced apoptosis and astrocyte migration to the ischemic core in vivo. Compromised BBB could have enhanced the vector penetration (Xia et al. 2004 ). AV-delivered heme oxygenase-1 expression increased astrocyte, but not neuronal survival, during hemin-induced apoptosis, post-hemorrhagic injury (Teng et al. 2004; Benvenisti-Zarom and Regan 2007) indicating that cell-type-associated protective mechanisms must be studied while designing of cell-specific therapies.
Neurotrophin genes delivered via AV have been effective in certain NDD rodent models. Adenoviral vector-mediated GDNF gene delivery was tested in 6-hydoxydopamine-(6-OHDA) and cold-lesioned rats, modeling PD and brain trauma, respectively (Hermann et al. 2001a; Do Thi et al. 2004 ). Lesions and apoptotic cells reduced in the brain trauma model (Hermann et al. 2001a) , while dopaminergic neuronal loss decreased and motor function improved in the PD study (Do Thi et al. 2004) . When AV delivered BDNF to excitotoxic rats, quinolinic acid-induced lesion size was reduced and striatal neuron survival increased (Bemelmans et al. 1999) . In transgenic HD mice (Arregui et al. 2011) , AV-BDNF delivery improved behavior tests and motor phenotype appearance (Arregui et al. 2011) . Thus, neurotrophin expression alleviated disease outcomes despite the differences in targeted cell-type, associated disease, and species models reaffirming their applicability as NDD therapeutics.
In addition to high transduction efficiency, first generation AVs elicited an inflammatory response and caused striatal shrinkage at injection sites (Liu et al. 1997; Bemelmans et al. 1999) . Subsequent peripheral AV immunizations led to reduced CNS gene expression, increased macrophage and T cell infiltration into the brain, microglial activation, and demyelination (Byrnes et al. 1996; Hermens and Verhaagen 1998; Thomas et al. 2000) . Second and third generation AV with deleted early regions (E1, E3, and E4) depicted lower immunogenicity (Do Thi et al. 2004) . When Bellini and coworkers delivered IGF-1 gene to rat spinal cords, the resulting mild inflammatory response was attributed to IGF-1 reducing AV immunogenicity (Bellini et al. 2011) . Taken together, certain segments of the AV genome, peripheral AV immunizations and gene of interest alter AV immunogenicity. Though AVs remain an efficient viral gene delivery system, they are not being tested in NDD clinical trials due to immunogenic potential and subsequent inflammatory outcomes.
Adeno-Associated Virus (AAV)
The low immunogenicity of AAV vectors and ability to transduce terminally differentiated neurons as well as dividing astrocytes, make them suitable for brain gene delivery (Peel and Klein 2000) . Larger size gene constructs could significantly reduce uptake and the kinetics of gene delivery (Dong et al. 1996) . The smaller AAV genome compared to adenoviruses (4.7 kilobase (kb) versus 36 kb) facilitates gene delivery. CNS-targeted AAV vector studies can be divided into three main groups based on the serotype they utilize 1. AAV2 (Bartlett et al. 1998; Kügler et al. 2003) , 2. AAV9 (Foust et al. 2009; Gray et al. 2011) , and 3. Other AAVs, which include AAV4, 6, 8, rh10, rh39, rh43 (AAV43), etc. (Lawlor et al. 2009; Zhang et al. 2011) . While AAV2 remains the prototype vector, some AAV serotypes are generated by pseudotyping, i.e. an AAV2 genome is packaged with a different capsid sequence such as AAV9. The majority of serotypes, other than AAV2, tested in the cited literature are designed this way. Contradicting results are documented on transduction efficiencies of self-complimentary AAVs (scAAV) and classical single-stranded AAVs (ssAAV). Smaller size scAAV (2.3 kb versus 4.7 kb) transduced effectively compared to ssAAV (Gray et al. 2011; Aschauer et al. 2013 ); yet, the inverse may also be true (Rahim et al. 2011 ).
AAV2 Early studies demonstrated an AAV2-mediated immediate neuronal transduction. However, astrocytes were not transduced and microglial transduction was short-lived (24 h) (Bartlett et al. 1998) . However, in a later study, cytomegalovirus (CMV) or human (h) synapsin (Syn) promoterdriven AAV2 specifically transduced astrocytes and neurons, respectively (Kügler et al. 2003) . Higher AAV2 infectivity and binding was reported in human astrocytes in vitro and was attributed to stronger interactions between AAV2 and secondary protein receptors on astrocytes facilitating endocytosis (Koerber et al. 2009 ). When AAV2 and AAV5 were compared, AAV2 preferentially transduced neurons and AAV5 transduced astrocytes in vitro and in vivo (Nomoto et al. 2003) . While, kainate-induced limbic seizure activity reduced transduction efficiency, preferential cell type-specific expression persisted for both serotypes. Further, AAV5 transduced more efficiently than AAV2, potentially due to astrocyte activation, dying neurons or AAV2 neutralizing antibodies (NAbs) (Weinberg et al. 2011) . A later study also reported exclusive neuronal transduction (Shevtsova et al. 2005) . Recently preferential neuronal transduction by AAV2 and astrocyte activation was documented . When tested in oligodendrocytes, AAV2 encoding myelin basic protein (MBP) promoter led to exclusive oligodendrocyte transduction in vitro and in vivo with rat brain cells and mouse model, respectively, indicating therapeutic potential (Chen et al. 1998) . Similarly for microglia, in vitro and in vivo targeting was achieved by including murine F4/80 promoter in AAV2 and AAV5 in a rat model (Cucchiarini et al. 2003) .
Therapy-based enquiries for ischemia (Sun et al. 2003) , PD (Kaplitt et al. 2007) , and AD (Furman et al. 2012 ) have (Cearley et al. 2008) employed AAV2. In a cerebral focal ischemia rodent model, AAV2-mediated B-cell lymphoma-w (Bcl-w) expression in neurons, astrocytes and endothelial cells reduced infarct size, and improved neurological function (Sun et al. 2003) . Literature indicates neurons are the preferred target of AAV2, but effects of expression in other cell types on the disease prognosis remain to be seen. Additionally, the presence of anti-AAV2 NAbs in a significant percentage (~72%) of the human population (Boutin et al. 2010 ) could become a key factor affecting therapeutic efficacy.
AAV9 Attention shifted from AAV2 to AAV9 for CNS gene delivery after its BBB crossing ability was reported (Foust et al. 2009 ). Faust and colleagues first documented AAV9 neuronal transduction in neonatal mice and astrocyte transduction in adult mice (Foust et al. 2009 ). Later reports found that AAV9 tropism shifted from neurons in fetal mice to astrocytes in neonatal mice (Rahim et al. 2011) , from astrocytes in neonatal mice to neurons in young mice (Gholizadeh et al. 2013) , and exhibited astrocyte tropism in NHPs of all ages (Bevan et al. 2011) . Thus, literature presented conflicting data regarding AAV9-mediated preferential transduction of astrocytes or neurons. It can be discerned that, age of tested animals could be critical contributor of AAV9 cell-tropism (Foust et al. 2009; Rahim et al. 2011; Gholizadeh et al. 2013) . Similarly, variations in route of administration (Gray et al. 2011; Aschauer et al. 2013 ) and species tested (Bevan et al. 2011; Gray et al. 2011 ) have shown changes in AAV9 celltropism. In adult mice, intramuscular injection led to reporter expression in spinal cord neurons and astrocytes (BenkhelifaZiyyat et al. 2013) , and intravenous administration showed higher neuronal transduction in brain (Gray et al. 2011) . A study in NHPs showed brain parenchymal injection led to exclusive neuronal expression and intravenous injection resulted in preferential astrocyte transduction. Better access to astrocytes, potential AAV9-blood protein interactions, and presence of NAbs were attributed as contributing factors affecting gene expression post-intravenous administration (Gray et al. 2011) . Additionally, Aschauer study also showed AAV9-mediated neuronal expression post-ICV injection (Aschauer et al. 2013) . In contrast, intracerebral scAAV9 injection showed a dose-dependent increase in neuron and astrocyte transduction efficiency without astrogliosis in mice (Donsante et al. 2016) . Literature also showed the highest transduction efficiency and astrocyte tropism of AAV9. Despite widespread neuronal transduction, astrocytes were the predominantly transduced cell type (Zhang et al. 2011 ) and reporter gene expression remained for over 18 months (Miyake et al. 2011) .
Therapeutically, AAV9 has been used to deliver human erythropoietin (hEPO) ), EAAT2, glutamine synthase (GS), miRNA against adenosine kinase , and β-galactoside (Weismann et al. 2015) . In an experimental PD model, a single intrastriatal dose of AAV9-hEPO succeeded an intrastriatal or intramuscular injection to evaluate effects on immunogenicity and transduction efficiency. Prior intramuscular injection reduced transduction, increased major histocompatibility complex (MHC) class I and II expression, CD4 and CD8 T cells infiltration in the brain, and circulating NAbs for both AAV9 and hEPO in the blood. Alternatively, prior intrastriatal injection did not cause severe inflammation or reduced transduction efficiency, but increased peripheral blood cell count . Though intrastriatal or intramuscular might not be preferred routes of administration, these findings highlight the importance of assessing dosing route and frequency. AAV9-EAAT2 and -GS delivery to rat hippocampal astrocytes did not alter kainate-induced seizures, while AAV9-miRNA against adenosine kinase reduced seizure duration suggesting a possible therapeutic usage . Intravascular injection of AAV9-β-galactoside led to CNS and peripheral organ transduction. It partially reduced GM1-gangliosidosis by improving reactive astrogliosis in a rodent disease model (Weismann et al. 2015) .
While high peripheral organ transduction has been reported for AAV9 when injected intravenously, consequent studies investigating AAV9 immunogenicity in the CNS used intrastriatal or intrathecal routes. Immunogenic potential of AAV9 has been analyzed in comparison with AAV2. Human aromatic L-amino acid decarboxylase (AADC) was injected intrastriatally using AAV2 and AAV9 vectors and their effects on immune response and antigen-presenting cell activation were tested. In addition to higher brain expression compared to AAV2, AAV9 led to immune activation over time. Glia transduced by AAV9 revealed increased MHC class II expression within few days of infusion, which was absent with exclusively neuron-transducing AAV2 (Ciesielska et al. 2013) . A follow-up paper found AAV9 encoding GFP (foreign-protein) elicited a stronger immune response compared to AAV9 encoding aromatic L-AADC (self-protein) in NHPs suggesting need for syngeneic and non-functional reporter protein testing. Intriguingly, AAV2-GFP did not induce a significant immune response (Samaranch et al. 2014) . When AAV9 was delivered via intrathecal and intravenous routes, there was no global immune response, but higher reporter-expressing cell nuclei lacked Nissl bodies, an indication of neurotoxicity (Schuster et al. 2015) . It is possible to avoid off-target effects by including brain-cell specific promoters to restrict expression, which is discussed in detail in a later section. Since ongoing AAV9-based Phase I clinical trials involve intravenous or intrathecal injections (Table 5 ), findings about AAV9 immunogenicity and peripheral expression are clinically relevant and must be taken into considerations for future trials.
Other AAV Intrastriatal AAV1 injections resulted in preferential and higher neuronal expression than AAV2 control (Wang et al. 2003a) . When AAV1 delivered galactocerebrosidase (GALC) to a twitcher mouse model of globoid cell leukodystrophy, the GALC gene was predominantly expressed in neurons and some astrocyte processes. Though oligodendrocyte precursors were effectively transduced in vitro, this was not reproduced in vivo. GALC expression reduced Leukodystrophy symptoms, while increasing myelination and lifespan (Rafi et al. 2005) .
Astrocytes in the SVZ and rostral migratory stream were transduced when AAV4 was delivered directly to the SVZ (Liu et al. 2005) . In another study, AAV4 showed a higher astrocyte binding but low transduction efficiency highlighting the importance of post-binding barriers that play a key role in effective transduction. The same study also generated AAV2 and AAV6 variants by engineered peptide loop replacement that presented increased specificity and transduction efficiency in astrocytes and Muller glial of the retina (Koerber et al. 2009 ). Neurons and astrocytes were successfully transduced by AAV5 encoding a reporter gene driven by hSyn or CMV promoter, respectively. However, in vitro results were reproduced only for neurons in vivo (Shevtsova et al. 2005) .
Adeno-associated virus serotype 6 was shown to transduce only neurons in rats and also astrocytes in NHPs with higher MHC I and II expression (San Sebastian et al. 2013) . Astrocyte restricted gene expression was tested using AAV8 and AAV43 containing GFAP promoters (Lawlor et al. 2009 ). After being injected in sciatic nerve, AAV8 was found to be Schwann cellstropic in mice and AAV8-CNTF delivery led to increased levels of myelin protein P0 and PMP22 indicating its therapeutic potential (Homs et al. 2011) . Recently, AAV8 encoding GFAP promoter-driven achaete-scute complex homolog-like 1 converted dorsal midbrain astrocytes into functional neurons in vitro and in vivo in mice . Neuron and oligodendrocyte transduction has been shown with AAVrh8 ) and AAVrh10 (Petrosyan et al. 2014; Yang et al. 2014 ) with an efficiency comparable to AAV9 (Miyake et al. 2011; Zhang et al. 2011) . Both AAVrh8 and AAVrh10 crossed the BBB when injected intravenously in mice with minimal peripheral tropism as compared to AAV9 . Currently, AAVrh10 is under investigation in a Phase I clinical trial (Table 5) .
Few AAV serotypes have successfully transitioned into clinical trials for NDD therapy. While inclusion of cellspecific promoters restricted AAV gene expression, mechanisms responsible for intrinsic cell tropisms of AAV serotypes have not been investigated well. Some AAV receptors are known, for example, PDGF receptor has a role in AAV5 transduction (Aschauer et al. 2013) . We infer that abundance of such AAV receptors on cell surface must have a key role in uptake, endocytosis and expression efficiency of AAVmediated transduction. Yet, due to availability of alternatives and ease of manipulation, the overall focus has been on testing serotypes that present higher efficiency and intrinsic tropism for intended cellular target instead of elucidating AAV serotype transduction mechanism.
Lentivirus
Lentiviruses, from the retroviridae family, integrate in the host genome, unlike adenovirus and AAV. Therefore, LVs are capable of producing longer, more stable gene expression in diverse cell types (Blömer et al. 1996; Naldini et al. 1996) . Lai and Brody depicted LV-mediated gene expression in neurons and astrocytes (Lai and Brady 2002) . When injected in rat dorsal funiculus, LVs transduced astrocytes, oligodendrocytes, and their progenitors in spinal cord white matter (Zhao et al. 2003) . During SCI in rats, LV injected at a lesion site led to high peripheral expression in astrocytes with lower transduction of neurons, oligodendrocytes precursors, and microglia (Hendriks et al. 2007) . When compared with AVand AAV, early investigations involving intrastriatal and intrahippocampal injections of LV showed comparable CNS transduction efficiency at two weeks and higher efficiency from six to twenty four weeks in mice. About 90% of the transduced cells were terminally differentiated neurons (Blömer et al. 1997 ) indicating intrinsic neuronal tropism. Two decades later, a conflicting report demonstrated preferential astrocyte tropism of LV compared to AAV in NHPs .
Most investigated LVs are HIV-1-derived and are pseudotyped, a process by which viral genome is packaged with glycoproteins derived from a nonpathogenic virus such as vesicular stomatitis virus-G (VSV-G). Pseudotyping is performed to increase transduction efficiency and specificity i.e. cell-specific tropism. Vectors packaged with envelope proteins of murine leukemia virus (muLV), lymphocytic choriomeningitis virus (LCMV), rabies-related Mokola virus, and VSV-G transduced striatum, thalamus, and white matter in mice brains. Additionally, both VSV-G-and Mokola-LV were effective in oligodendrocytes and their precursors in vitro. In mixed neuroglial cultures, VSV-G-LV-facilitated gene expression was higher in astrocytes (Watson et al. 2002) . In contrast, VSV-G-LV has been shown to preferentially transduce neurons in adult rats and embryonic mice, while glycoprotein 64-enveloped-LV mediated expression was seen in astrocytes of adult rats (Rahim et al. 2009 ). Also, astrocyte preference of LCMV-and muLV-pseudotyped LV was depicted postinfusion into SN (Cannon et al. 2011) . On the other hand, an earlier study demonstrated VSV-G-LV-mediated exclusive neuronal or astrocyte transduction using cell-specific promoter restriction rather than pseudotyping (Jakobsson et al. 2003) .
To deliver therapeutic genes, neurons were targeted with LV-CNTF in embryonic neuroglial cultures; astrocytes became activated with altered membrane distribution of highly glycosylated forms of glutamate transporter (GLAST) and glutamate transporter-1. Improved astrocyte glutamate clearance ability in these studies suggested translation potential in excitotoxicity-associated disease (Escartin et al. 2006) . Lentiviral vector encoding GDNF cDNA downstream of GFAP or CMV promoters showed similar neuroprotection indicating the GFAP promoter could impart neuroprotection despite producing only 1/10 the GDNF of the CMV promoter, (Sandhu et al. 2009 ).
Compared to AV and AAV, more studies combined LV and RNAi. Colin and colleagues adapted a unique gene silencing approach to target astrocytes. They designed a LV construct pseudotyped with Mokola-G-LV and encoding miR124T to exclusively silence 'off-target' neuronal gene expression. GLAST gene or miRNA regulating GLAST encoded downstream of miR124T in the above construct was delivered exclusively to astrocytes in vitro. Specificity of this system was shown in vivo using a LacZ reporter (Colin et al. 2009 ). In a follow-up paper, the LV construct described above was modified further to include an astrocyte-specific GS1 promoter, an additional sequence of miR124T and a regulatory tetracycline response element to increase specificity and add a regulatory component (Merienne et al. 2015) . High complexity of this construct could limit its therapeutic applications, although certain vector modification approaches tested in this study can be utilized to improve targeted gene delivery.
Other RNAi-associated studies employed LVs to silence astrocyte marker molecules GFAP and vimentin (Desclaux et al. 2009 ), chondroitin polymerizing factor (CPF) and chondroitin synthase-1 (CS-1) (Tuinstra et al. 2013) , as well as miR145 . Astrocyte intermediate filaments, GFAP and vimentin, are upregulated during inflammation adversely affecting axonal and neurite regeneration post-injury. Thus, LV-shGFAP and shVimentin delivery decreased astrogliosis, astrocyte migration in scratch assay and improved neuronal survival in co-cultures (Desclaux et al. 2009 ). Astrocyte-secreted chondroitin sulfate proteoglycans were activated by LV-miCPF and -miCS-1 delivery during CNS injury, which increased the neurite outgrowth in neuroglial cultures (Tuinstra et al. 2013) . A negative regulator of reactive astrogliosis, miR145, delivered with LV reduced astrocyte activation, proliferation, and migration in an in vitro SCI model .
In contrast to adenoviruses, LV-administration did not elicit significant immune response (Blömer et al. 1996; Naldini et al. 1996) . Microglial and macrophage accumulation at the injection site was attributed to injection toxicity and not LV (Zhao et al. 2003) . Research later reported that prior peripheral LV immunization elicited an immune response to a subsequent CNS-injected LVonly when both LVs encoded the same transgene (Abordo-Adesida et al. 2005) . Since LVs are integration proficient, there's a risk of insertional mutagenesis, and therefore integration-deficient vectors have been used as well (LuNguyen et al. 2014) . Recently, a first-ever LV-based Phase I PD clinical trial was completed (Table 5 ). The trial results are not only encouraging for its transition into Phase II and III clinical trials, but also for the promise of increased LV therapies in the future (discussed in Bench to Bedside Translation section).
Polymeric Nanoparticles
Research and clinical applications of nanotechnology have increased in recent years. Formulations <100 nm in at least one dimension, which may enable crossing BBB, qualify as NPs. Effects of metallic NPs containing iron (Geppert et al. 2011; Pilakka-Kanthikeel et al. 2013) , silver (Luther et al. 2011) or silica (Klejbor et al. 2007 ) have been evaluated in brain cells, but non-metallic polymeric NPs have been predominantly studied for gene delivery (Wong et al. 2012) . Types of NPs including polymeric, solid-lipid, nanoemulsion, and liposomes have been well documented in the literature along with strategies to optimize delivery and expression efficiency (Wong et al. 2012; Shah et al. 2013; Tosi et al. 2013; Kreuter 2014 ). Investigations associated with CNS gene delivery have used neuronal or neural stem cell lines such as PC12 (Park et al. 2007 ), C17.2 (Liu et al. 2013) , and Neuro2a (Malhotra et al. 2013) . There are fewer studies, which utilize primary brain cells or animal models. Also, microglia and oligodendrocytes were less frequently targeted with NP-mediated gene delivery compared to neurons and astrocytes.
Cationic polyethylenimine (PEI)-DNA 'polyplexes' are avidly used for gene delivery (Goula et al. 1998; Rao et al. 2015) . Polyamidoamines (PAMAM) and poly(lactic-coglycolic) acid (PLGA) have also been frequently examined. The positive charge on NPs allows electrostatic interaction with a negatively charged cell membrane and exogenous DNA to improve delivery and prevent systemic degradation of plasmid DNA (pDNA) (Midoux et al. 2008) . After cellular uptake, titratable amine groups on PEI and PAMAM increase chloride concentration leading to endosomal swelling and higher endosomal escape. Therefore, PEI and PAMAM have better transfection efficiencies compared to other positively charged polymers (Sonawane et al. 2003) .
Gene delivery inquiries involving NPs revolve around increasing transfection efficiency and reducing NP toxicity. Complexing NP with polyethylene glycol (PEG), or PEGylation, increased transfection efficiencies, reduced toxicity, and imparted Bstealth^properties (Xin et al. 2012; Rungta et al. 2013; Morris and Labhasetwar 2015; Yurek et al. 2015) . Convection-enhanced delivery also increased efficiency of NP administration (Mastorakos et al. 2015) . Arginine addition enhanced the cellular uptake and delivery across the BBB (Kim et al. 2006; Morris and Labhasetwar 2015) , and tagging liposome NPs with transferrin receptor ligand facilitated transcytosis across the BBB and endocytosis into CNS cells (Shi et al. 2001) .
Lipid containing substances are frequently used for CNS delivery . Early investigations showed liposome-mediated gene delivery, i.e. lipofection, was more efficient than calcium phosphate transfection in fetal human and rat astrocytes, and was comparable to that of modified Fisher rats Neurons~90% of transduced cells at the injection site (Blömer et al. 1997) miR124, shRNA GLAST, dsRednuc, mCherry Astrocytes BAC-GLT1-eGFP, BAC-GLASTDsRed, B6 mice Neuron-specific silencing, used other miRNAs; astrocyte-specific promoters and tetracyclineinducible systems for astrocyte-targeting and regulation (Merienne et al. 2015) vaccinia Ankara viral transduction in fetal spinal cord astrocytes (Ambrosini et al. 1999) , and PEI in primary rat astrocytes . Neutrally charged, 120-150 nm liposomal NPs containing palmitic acid, vitamin A, or vitamin E preferentially transfected astrocytes close to the injection site after ICV delivery. In vitro, apolipoprotein E (ApoE) cotreatment increased uptake and transfection efficiency of lipid NP obtained from vitamin A and E in astrocyte-derived cells (Akita et al. 2015) . For mammalian cell transfections, PEI is considered the gold standard. However, it has exhibited some toxicity (Lu et al. 2015) . Therefore, polymers with lower toxicity and comparable efficiency including C2-(dimethylamino)ethyl methacrylate-based cyclized knot polymer (Newland et al. 2013) , arginine-modified PEI derivative (Lu et al. 2015; Morris and Labhasetwar 2015) , heavily PEGylated PEI (Mastorakos et al. 2015) , arginine-modified PAMAM (Kim et al. 2010) , and PLGA (Gwak et al. 2016 ) are being tested. In our collaborative work, arginine-PEI-PEG polyplexes formulated with luciferase-expressing plasmid DNA transfected rat primary astrocytes and neurons in vitro and in vivo following intravenous injection .
As a PD therapy, 8-11 nm diameter PEGylated poly-l-lysine nanorods delivered the GDNF gene to rats via intracerebral injections. Neurons and glia were transfected and sustained expression for over 11 weeks (Yurek et al. 2009 ). Transfection efficiency was higher in denervated striatum of 6-OHDAinduced mice and old mice, highlighting their disease sensitivity and age as a factor in gene delivery (Yurek et al. 2015) . A cyclized-knot polymer delivered GDNF to primary rat astrocytes and the astrocyte cell line Neu7 that led to functional effects in co-cultured dorsal root ganglion cells (Newland et al. 2013) . As a PD therapy option, GFAP-promoter driven-tyrosine hydroxylase (TH) gene-loaded liposomes were delivered intrastriatally (Segovia et al. 1998) or intravenously (Zhang et al. 2004 ) to a 6-OHDA-induced rat model. Rotational behavior was improved in both studies, but TH expression was restricted to either astrocytes (Segovia et al. 1998) or nigrastriatal neurons (Zhang et al. 2004) .
For SCI, IL-10 (Milligan et al. 2006 ) and vascular endothelial growth factor (VEGF) (Gwak et al. 2016 ) gene therapies were evaluated using PLGA NPs. Anti-inflammatory cytokine IL-10 could reduce gliosis during neuroinflammation due to astrocyte-specific receptor expression. Dose of IL-10 pDNA was significantly reduced when delivered via NPs compared to naked pDNA to achieve similar expression (Milligan et al. 2006) . Cholesterol-modified PLGA NPs efficiently transfected the VEGF gene in both neurons and astrocytes post spinal cord injection (Gwak et al. 2016) .
Gene silencing strategies have been reported using polymeric NPs (Jiménez et al. 2010; Kim et al. 2010; Rungta et al. 2013) . Carbosilane dendrimers successfully delivered siRNA specific to HIV-1 negative regulatory factor (Nef) to primary (Gwak et al. 2016) astrocytes and related cell lines (Jiménez et al. 2010; Serramía et al. 2015 ). An arginine-modified PAMAM derivative delivered high mobility group protein 1 siRNA to cultured primary mouse cortical cells and led to a reduction in infarct volume in rat brains post-ischemia (Kim et al. 2006 ). Rungta and coworkers synthesized distearoylphosphatidylcholine/cholesterol/PEG-DMG containing lipid NPs to deliver siRNA targeting the neuronal GluN1 subunit of the N-methyl-D-aspartate (NMDA) receptor, reducing NMDA-based currents, but not α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acidinduced currents (Rungta et al. 2013) . These NPs could be used to treat neurons, while co-delivering an astrocyte-specific gene. Polymeric NPs are non-metallic and non-pathogenic. Their synthesis process can be better controlled than producing viral vectors in bulk. They can be optimized to increase transfection efficiency and BBB penetrability. Currently, PLGA is approved by the food and drug administration for therapeutic use indicating polymeric NPs are better accepted as delivery vehicles than viral vectors.
CNS-Targeted Gene Delivery Using Cell-Specific Promoters
Low BBB permeability and brain structure complexity have already been discussed as major challenges in designing a delivery system for any neural cell type. In theory, cell-specific promoters could be used to restrict gene delivery to particular cells. Well-known cell-specific markers are neuron-specific enolase (NSE) for neurons, GFAP for astrocytes, F4/80 for microglia, and MBP for oligodendrocytes; which in turn represent the widely used methodology of restricting exogenous gene expression to specific cell types.
As discussed earlier in the review, neurons and astrocytes are targeted more frequently than microglia and oligodendrocytes. Targeting a precise neuronal subtype is essential during NDD treatment since that subtype often expresses genes linked to a disease; for instance, dopaminergic neurons express TH gene in PD. Yet few neuron-focused papers discuss gene vector design to improve expression specificity. Our observations suggest that neuronal targeting has been a tacit approach for numerous CNS gene delivery studies and implications of offtarget gene expression in astrocytes or oligodendrocytes were not discussed. Nevertheless, NSE, hSyn, and PDGF are the frequently reported neuron-specific promoters.
When NSE and PDGF promoter-driven GFP encoding AAV2 were injected into the mid-cervical region of rat spinal cords, exclusive neuronal expression was obtained at 15 and 45 weeks post-injection (Peel et al. 1997) . Later studies reported that inclusion of NSE promoter achieved relatively precise but not exclusive neuronal expression (Navarro et al. 1999; Kügler et al. 2003) . Among uncommon promoters, LV encoding a 1.6 kb segment of 'homeobox 9' promoter was used for motor neuron targeting in mice spinal cord (Peviani et al. 2012) . Also, Thy1.2 and α-CAMKII promoter were shown to be specific for pyramidal neurons (Dittgen et al. 2004 ). An AV, encoding multiple copies of a cis-regulatory element of human dopaminergic β-hydroxylase promoter, selectively transduced noradrenergic neurons (Hwang et al. 2001) .
Macrophage-specific promoter sequences, such as human CD11b, CD68, and murine F4/80, were evaluated for in vitro and in vivo microglial targeting employing AAV constructs. Murine F4/80 offered the highest expression efficiency and restriction in SD rats (Cucchiarini et al. 2003) . Oligodendrocytes and Schwann cells in the CNS abundantly express MBP. An AAV2 vector encoding a MBP promoter precisely targeted oligodendrocytes in vitro and in vivo, in rat cells and mice, respectively (Chen et al. 1998) . Inclusion of the MBP promoter in LV-GFP also led to exclusive oligodendrocytes expression (McIver et al. 2005) .
Contrary to neurons, astrocyte-targeted studies have focused on one promoter, i.e. GFAP, and have modified it to reduce size and increase efficiency (Brenner et al. 1994; Lee et al. 2008; Meng et al. 2015) . Aldehyde dehydrogenase 1 L1 and GLAST/ EAAT1 are other astrocyte-specific markers, but the GFAP promoter remains the 'promoter of choice' in gene delivery approaches Lee et al. 2008; Adam et al. 2012 ). Brenner and colleagues identified an essential 2.1 kb promoter segment (gfa2), in the 5′ region of GFAP promoter capable of driving gene expression (Brenner et al. 1994) . It has been utilized to restrict gene expression (Shi et al. 2001; Furman et al. 2012) , in transgenic models (Kim et al. 2003) , and to study astrocyte function (Nolte et al. 2001; Kim et al. 2003; Giralt et al. 2010) . This promoter has also been used with viral vectors (von Jonquieres et al. 2013) and NPs (Shi et al. 2001) . In spite of the widespread acceptance for gfa2, some reports have debated over the promoter specificity. An early report documented that using only 5′ flanking promoter sequence produced tissue restricted expression while both 5′ and 3′ flanking sequences were essential for cell-specific expression (Galou et al. 1994) . A later study also showed that GFAP-driven TH was expressed exclusively in nigrastriatal neurons and not in astrocytes (Zhang et al. 2004 ).
Immunogenicity is a major problem with viral vectors, especially AVs. Gerdes and colleagues showed that using a strong promoter like major immediate early murine CMV reduced vector dose and immunogenicity (Gerdes et al. 2000) . However, this approach is not suitable for cell-specific targeting. On the other hand, gfa2 promoter has been considered a weak promoter that resulted in lower expression (Benvenisti-Zarom and Regan 2007) and its efficiency changed with age in vivo (von Jonquieres et al. 2013) . Thus, gfa2 has been modified over a decade to improve transgene expression. Recently, a shorter, 1740 kb gfa2 promoter driven AAV-GFP was delivered to cortical astrocytes (Meng et al. 2015) . Stronger promoter sequences, such as CMV and/or inverted terminal repeat sequences were appended upstream of the gfa2 promoter to increase expression. These modifications led to higher expression as compared to CMV promoter in vitro and in vivo, when injected intrastriatally (Wang and Wang 2006) . Brenner laboratory followed up their original work on gfa2 promoter by concluding that a 681 kb segment of the GFAP promoter, gfaBC1D, is optimal to obtain promoter-driven gene expression. They suggested that gfaBC1D enhanced the expression efficiency due to its smaller size (Lee et al. 2008 ). Since then, GfaBC1D was used to drive expression of the pleckstrin homology domain of phospholipase C-like protein p130 using AAV2/5 (Xie et al. 2010) . Other astrocyte-specific promoters; aldehyde dehydrogenase 1 L1, which is active in all mature astrocytes with broader expression pattern and GLAST/ EAAT1; have been utilized to a lesser extent Barres 2008) .
In addition to promoters, certain cellular receptors could be used for targeting. For instance, the rabies virus enters neurons via nicotinic acetylcholine receptor and a bacterial protein, namely tetanus toxin, binds with neurons through the triasialoganglioside receptor, GT1b (Kwon et al. 2010 ). Hence rabies virus glycoprotein or tetanus toxin could thus be tagged to exogenous DNA-vector complex to improve endocytosis. Additionally, a 12 amino acid peptide, Tet-1, has been identified and has been successfully used to target neurons (Kwon et al. 2010) . Similarly, DNA-vehicle complex was tagged with neurotensin and NGF fragments for neuron-specific delivery (Rogers and Rush 2012) .
Another way to increase cell-targeting specificity is by including elements that respond to a biomarker characteristic of the neuropathology. This concept was utilized by flanking hypoxia response element with the VEGF gene sequence as a therapy for focal ischemia. Since hypoxia-inducible factor-1 binds to hypoxia response element, VEGF expression was enhanced during stroke (Shen et al. 2008 ). Uptake and transfection efficiency of lipid NP uptake and transfection efficiency increased in the presence of ApoE suggesting that it could be utilized for astrocyte targeting (Akita et al. 2015) .
The perpetual process of designing and optimizing CNSdirected gene delivery system has remained a translational research priority. Though literature agrees on inclusion of a cellspecific promoter, standard constructs for each cell type have not been established. Going forward, comprehensive efforts must be directed toward delivery system design to enable BBB permeability, cell-specific targeting, and increasing expression of weak promoters.
Bench to Bedside Translation
One of the major highlights in gene delivery research has been its transition into clinical trials. Several viral vectors are currently being investigated in Phase I/II clinical trials (Table 5) for treatment of NDDs including AD, PD, and lysosomal storage disorders. Phase I clinical trial for AD treatment involved stereotactic injections of AAV2-NGF to the basal forebrain region of containing the nucleus basalis of Meynert (Rafii et al. 2014 ). This study was conducted in ten patients with three different doses of AAV2-NGF to determine the highest safe dose for a Phase II study. Patients were monitored for over two years to ascertain treatment safety. All patients survived the procedure with few adverse events reported. AAV2-NGF therapy was evaluated to be safe and well tolerated. Currently, a multicenter Phase II study evaluating the treatment efficacy is underway.
Several clinical trials have been completed or being carried out for PD treatment administering genes associated with either enzymes involved in dopamine synthesis, such as AADC, or neurotrophic factors, such as neurturin (NTRN) and GDNF. Most of these have successfully completed Phase I trials and have proven safety (Kaplitt et al. 2007; Bartus et al. 2014) . Phase II clinical trials evaluating efficacy are currently ongoing and have shown mixed results thus far. AAV-glutamate decarboxylase trial has been terminated due to financial constraints despite improvements observed during Phase II (LeWitt et al. 2011 ). On the other hand, AAV-NTRN Phase II study results promised long-term safety but conclusive results on efficacy were not obtained (Kordover and Bjorklund, 2013) . Additionally, results from first-ever clinical trial employing a LV have been reported. It involved stereotactic injections of a tri-cistronic vector expressing genes for TH, AADC, and cyclohydrolase-1 with the intention of stimulating non-dopaminergic, striatal neurons to secrete dopamine, replenishing levels. Motor improvements and long-term tolerability four years post-injection was established (Palfi et al. 2014) . Currently, methods to increase effectiveness of this therapy are being investigated.
In vitro and preclinical investigations conducted so far have reported that presence of preexisting NAbs could be responsible for varied gene delivery efficiencies and immune responses between rodent models, NHPs, and humans. A study conducted with over 200 human serum samples indicated presence of AAV-NAbs in 40% to 70% samples for various AAV subtypes. In a preclinical study, presence of pre-existing NAbs reduced AAV9 transduction efficiency in NHPs (Gray et al. 2011) . Consistent with these findings, completed clinical trials discussed above have also reported presence of AAV antibodies or VSV-G antibodies for AAV-and LV-associated trials, respectively. While none of the published data report adverse events or immune responses; it must be noted that the primary endpoint of Phase I trials is safety and are conducted with small (<100) patient cohorts. It will be important to evaluate if presence of NAbs will reduce efficacy in larger patient cohorts. According to Palfi et al. the presence of NAbs should not interfere with LV transduction efficacy since NAbs were detected in some patients three months post-gene delivery; and thus, LVs would be integrated by the time NAbs appear (Palfi et al. 2014 ). An ongoing clinical trial involves intravenous injections of an AAV9 encoding survival motor neuron gene to six to nine month old infants diagnosed with spinal muscular atrophy. The study involves monthly monitoring until death or continuous respiratory support for over 16 hours. The final results of the study are not available; however, preliminary data presented at scientific conferences and provided on the trial sponsor's website indicates safety and some motor function improvements (AveXis 2016).
NPs are another major system being evaluated as gene delivery vehicles. Special characteristics of NPs must be considered before transitioning to preclinical or clinical trials. NPs have higher surface area resulting in higher toxicity in vitro compared to in vivo studies, leading to inconsistent results, a concept known as 'nanomaterial paradox' (Joris et al. 2013) . NPs that are toxic at low doses in vitro could be delivered at relatively higher dose in vivo without toxicity. Therefore, it is essential to perform in vivo experiments with NPs, even if in vitro findings indicate toxicity. Currently, no ongoing or completed clinical trials have used polymeric NPs for NDDs. It must be noted that polymeric NPs are being used in cancer drug delivery studies and can soon be expected to transition into clinical trials for gene delivery based on the translational data available in literature (Jensen et al. 2013; Guerrero-Cázares et al. 2014; Mangraviti et al. 2015) . All gene delivery systems require careful and comprehensive analyses for route, dose, and frequency of administration, in addition to immunological profiling of the animal models to improve the transition from in vitro to in vivo and further into clinical trials.
Conclusions and Future Prospects
In this review, we appraised key elements of the ever-growing field of CNS-targeted gene delivery focusing on the past two decades. Challenges encountered in therapeutic strategies targeting the brain, such as low BBB permeability and brain structure complexity were carefully analyzed, specifically in the context of gene delivery. Furthermore, we critically evaluated functional aspects of principal CNS cell types implicated in NDD pathogenesis. Taken together, we infer that targeting neurons and astrocytes will have significantly broader implications in the context of CNS gene delivery, than microglia and oligodendrocytes. Ultimately, astrocytes will emerge as the most appealing therapeutic targets as compared to terminally differentiated neurons, with their complex structure and fastidious synaptic transmission. We thus anticipate robust development of astrocyte-focused delivery systems in the near future.
Of all the delivery systems investigated thus far, there are pros and cons to each, and clearly, the quest for an ideal gene delivery system continues. Among the viral gene delivery approaches, higher immunogenicity limits the application of AVs despite their better transduction efficiency compared to other viral vectors; AAVs have an edge over other approaches with their successful progression into clinical trials and consistent results over the years; whereas LVs require further comprehensive investigations for clinical translation. A parallel line of investigation comprises of concurrent development of polymeric NPs to successfully tackle the BBB and target specific CNS cell types. The non-viral nature of NPs renders these formulations far more amenable for acceptance by the general population. All together, the sheer diversity of viral vectors and NPs ensures that suitable vehicles for CNS cellular targets will soon be available despite issues such as varying gene expression efficiency, distinct cell tropisms and immunogenicity. Considering these significant challenges and caveats encountered, NDD gene therapy has made impressive strides. Fig. 2 summarizes the milestones of this exciting journey over the past two decades.
The litmus test for any therapeutic strategy is its success in the bench to bedside translation. In this regard, we have included viral vector-and NP-associated clinical trials for NDDs in our review (Table 5 ) (Health 2016). However, the enigma of the brain as the ultimate challenge is reflected in the clinical trial numbers as well. In 2012, only 2% of the clinical trials were associated with NDDs as compared to 64.4% for cancer, 10% for monogenic disease and 7.5% for cardiovascular diseases (Ginn et al. 2013) . Without a doubt, safety of gene therapy for NDDs is well established given the results of multiple successful Phase I clinical trials. However, based on the literature available thus far, no studies have provided conclusive data substantiating improved efficacy of gene therapy over current treatments. Thus, although gene therapy has shown long-term safety, transitions into Phase II to evaluate efficacy and fine-tuning the route, dose and frequency of administration will be critical.
The majority of the gene therapy investigations thus far have focused on validating the concept of gene delivery in attempts to overcome diverse multifactorial challenges. Consistent with this notion, most clinical trials that spearheaded these investigations employed classically known disease biomarker genes for first line investigations. One notable example would be clinical trial testing of L-AADC, which converts L-DOPA to dopamine, as a therapy for PD (Eberling et al. 2008) . Going forward, emerging trends both in discovery of novel biomarkers and early diagnostic techniques, will pave the way for the next generation gene therapy approaches.
While significant research and resources have been invested in the last few decades establishing the basics of gene augmentation and silencing, these specific modalities may soon become obsolete with development of genome editing technology. Regardless, key challenges facing successful delivery of these technologies to the brain will remain the same, and past lessons learnt will thus help guide strategies for successful translation of novel gene editing techniques, such as CRISPR/Cas9, to the clinic.
The overall progress in gene delivery approaches promotes a brighter future for NDD management and a strong potential for the development of effective, personalized gene therapy. In conclusion, gene therapy has come of age with bits of both successes and failures thus far, yet, the lessons from past and current research promise that cell-and disease-specific, safe and effective CNS gene delivery will be a reality in the not too distant future.
